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�-Synuclein (�S) is a protein involved in the cytopathology
and genetics of Parkinson disease and is thought to affect mito-
chondrial complex I activity. Previous studies have shown that
mitochondrial toxins and specifically inhibitors of complex I
activity enhance �S pathogenesis. Here we show that �S over-
expression specifically inhibits complex I activity in dopaminer-
gic cells and in A53T �S transgenic mouse brains. Importantly,
our results indicate that the inhibitory effect on complex I activ-
ity is not associated with �S-related pathology. Specifically,
complex I activity measured in purified mitochondria from
A53T �S transgenic mouse brains was not affected by mouse
age; Parkinson disease-like symptoms; levels of �S soluble olig-
omers; levels of insoluble, lipid-associated �S; or �S intraneu-
ronal depositions in vivo. Likewise, no correlation was found
between complex I activity and polyunsaturated fatty acid-in-
duced �S depositions in Lewy body-like inclusions in cultured
dopaminergic cells. We further show that the effect of �S on
complex I activity is not due to altered mitochondrial protein
levels or affected complex I assembly. Based on the results
herein, we suggest that �S expression negatively regulates com-
plex I activity as part of its normal, physiological role.

Evidence for the involvement of mitochondrial dysfunction
in the pathogenesis of Parkinson disease (PD)2 emerged follow-
ing the discovery that 1-methyl-4-phenyl-1,2,3,4-tetrahydro-
pyridine (MPTP) causes PD-like symptoms in humans (1) and
the subsequent findings that its neurotoxic metabolite, the
1-methyl-4-phenylpyridinium ion, inhibits mitochondrial
complex I activity (2). Mitochondrial dysfunction represented
by inhibition of complex I activity was described in the brain,
skeletal muscle, and platelets of a subset of patients with PD
(3–5). The finding that DJ-1, Pink1, HTRA2, LRRK2, and Par-
kin genes that cause familial PD (6–10) encode mitochondrial
proteins has reinforced the link between mitochondrial dys-
function and PD.

�-Synuclein (�S) is a presynaptic protein critically involved
in the cytopathology and genetics of PD (reviewed in Refs.
11–13). In PD and the related human synucleinopathies (14),
there is a progressive conversion of the normally highly soluble
�S protein into insoluble �-sheet rich filamentous assemblies,
resulting in its intraneuronal deposition into Lewy bodies and
Lewy neurites, the cytopathological hallmarks of this group of
disorders (15, 16).

�S partially localizes to mitochondria in neuronal cells (17)
and in �S transgenic mice (18), as recently confirmed by others
(19–22). The mitochondrial import of �S is energy-dependent
and seems to require an outer membrane protein import chan-
nel. Once in the mitochondria, �S predominantly associates
with the inner mitochondrial membrane, where it can appar-
ently interact with and inhibit complex I activity, resulting in
increased reactive oxygen species production (21). This effect is
enhanced by the pathogenic A53T �S mutation (21). Impor-
tantly, accumulation of �S was also observed in isolated mito-
chondria from post-mortem PD patients (21).
Here we sought to determine whether �S-related pathology

is directly associated with mitochondrial dysfunction, repre-
sented by complex I activity. Specifically, we searched for an
association between mitochondrial complex I dysfunction and
�S-related pathology, represented by either �S-soluble olig-
omers, �S-insoluble aggregates, PD-like symptoms, or mouse
age. We report that �S overexpression in cultured dopaminer-
gic cells or A53T�S tgmouse brains inhibits complex I activity,
yet no correlation between �S-related pathology and mito-
chondrial complex I dysfunction was found.We therefore con-
clude that �S inhibits complex I activity as part of its normal,
physiological function.

MATERIALS AND METHODS

Cells—MN9D, amesencephalic neuronal cell line with dopa-
minergic properties (23) was stably transfected with wt human
�S cDNA in the pCDNA3.1 vector.We routinely selected those
clones expressing 6–8-fold higher transfected than endoge-
nous �S. Because of the reported tendency of the stable �S
clones to lose their expression, we have kept frozen aliquots of
specific clones and used the clones 3–8 weeks after thawing
(24). To eliminate the possibility of a specific clonal effect, we
repeated the experiments in two to four different �S-overex-
pressing clones. Some of the measurements were repeated in
HEK 293 polyclones stably expressing either wt, A53T �S, or
the empty vector.
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Mice—wt, C3H (Harlan, Israel), and C57BL/J6 (Jackson Lab-
oratories), �S�/� (C57BL/J6, Harlan) (25), or homozygous
A53T �S tg (26) (Jackson Laboratories) mice were housed in an
animal facility that is fully compliant with the Public Health
Service Policy on Humane Care and Use of Laboratory Ani-
mals. The overexpression of the transgenic A53T �S was esti-
mated to be 4.6 � 0.8-fold higher than endogenous �S (26).
Similar A53T �S expression levels were detected in the mouse
colony we bred (not shown).
Detection of �S Oligomers—�S-overexpressing MN9D cells

(5 � 107) or whole mouse brains were fractionated as de-
scribed (24). Protein samples of high speed supernatant (post
280,000 � g) were incubated at 65 °C for 16–18 h for antigen
retrieval (24) before loading on a 10% SDS-PAGE and blotted
with syn-1 antibody (BD Biosciences) or LB509 antibody
(Zymed Laboratories Inc.).
Brain Fractionation and Chloroform Methanol Extraction—

Awhole brain of young (4–6 weeks old) or old (12–15 months
old) mouse was fractionated as previously described (27), and
chloroform/methanol extraction of the lipid-rich fraction was
performed as described (27). Briefly, the low speed, lipid-rich
fraction floating on top of the sucrose cushion was collected
and brought to a final volume of 0.5 ml. Three volumes of chlo-
roform/methanol (2:1) were added. The lipid-rich fraction was
extracted for 20 min at room temperature. The extract was
centrifuged at 8,000 � g for 10 min, and the interface between
the organic (lower) and aqueous (upper) fractions was resus-
pended in 2� Laemmli buffer, analyzed by Western blotting,
and blotted with LB509 antibody.
Isolation of Mitochondria—Fresh tissues of mouse brain or

subconfluent cultured cells were used. The cells were washed
once in cold PBS prior to homogenization. Alternatively, one
mouse brain hemisphere (PBS-perfused) was homogenized in
buffer A (320mM sucrose, 5mMTris, 2mMEGTA, pH 7.4) with
10 strokes of a Teflon Dounce homogenizer. The procedure
was performed at 4 °C. The lysate was centrifuged for 3 min at
2000 � g to remove nuclei and cell debris. The supernatants
were then transferred to a clean tube and centrifuged for 10min
at 12,000 � g to pellet mitochondria. The crude pellet was
resuspended in buffer A with the addition of 0.02% (w/v) digi-
tonin to release trapped mitochondria. The pellet was resus-
pended and washed two or three times in a large volumes of
digitonin-free buffer. Finally, the mitochondria pellet was
resuspended in a small volume of buffer A. The mitochondria
were either used directly for oxygen consumption or stored in
aliquots at �70 °C for enzymatic activities.
Enzymatic and Polarographic Assays—The activity of com-

plex I (rotenone-sensitive NADH:ubiquinone oxidoreductase),
complex II (succinate:ubiquinone oxidoreductase), complex
I–III (rotenone-sensitive NADH:cytochtome C oxidoreduc-
tase), cytochrome c oxidase (COX), and citrate synthase were
assayed as previously described (28). Briefly, complex I specific
activity was measured by following the decrease in absorbance
at 340 nm caused by the oxidation of NADH. A sample (5 �g of
protein) of purifiedmitochondria after osmotic shock in double
distilledwater was added in buffer containing 25mMpotassium
phosphate, pH 7.4, 2 mM KCN, 5 mM MgCl2, 2.5 mg/ml BSA, 2
�M antimycin, 100�Mdecyl-ubiquinone, and 0.3mMK2NADH

at 37 °C. The reaction was measured for 3–5min before adding
rotenone (1�g/ml). The reactionwasmeasured 3min longer in
the presence of rotenone. The nonspecific activity of NADH
hydrogenase, represented by rotenone-insensitive activity, was
subtracted.
We note that analyses of complex I activity in mitochondria

purified from cultured cells was problematic. The results were
considered only from batches of purified mitochondria that
demonstrated above 50% rotenone sensitivity in the enzymatic
assay. Some of the measurements were also performed sepa-
rately in two labs (Dr. Sharon’s lab and the metabolic diseases
unit). Notably, rotenone-sensitive NADH-CoQ reductase
more accurately represents mitochondrial respiratory complex
I as opposed to the rotenone-insensitive outer membrane
NADH cytochrome c reductase (29). In mouse brains, purified
mitochondria demonstrated high rotenone sensitivity (higher
than 90%) and therefore highly repeatable results.
Oxygen Consumption—Oxygen consumption was measured

using a Clarck-type electrode in a sealed chamber (Oxygraph;
Hansatech) as previously described (30). A fresh protein sample
of 15–25 �g of isolated mitochondria (without a digitonin
wash) was suspended in Oxymetry buffer (5 mM K2HPO4, 10
mM Tris-HCl, pH 7.4, 100 mM KCl, 5 mM MgCl2, 5 �M EDTA,
90 mM mannitol, 25 mM sucrose). State IV respiration (basal
respiration) was determined by the addition of glutamate-
malate, and State III respiration (active respiration) was deter-
mined by the addition of ADP (0.25 mM).

�S Pathology—Mice, anesthetized with an intraperitoneal
overdose injection of sodium pentobarbitone (1 ml/1.5 kg),
were perfusedwith PBS or with PBS-buffered formalin. Follow-
ing surgical removal of brain and spinal cord, the tissue was
kept frozen and used for further biochemical analyses (PBS per-
fusion) or fixed for another 24 h in the formalin perfusion. His-
tochemical analysis was performed with formalin-fixed tissue
as previously described (31). Briefly, sections of 6 �m were
deparaffinized in xylene followed by graded alcohol in descend-
ing ethanol concentrations. Endogenous peroxidase activity
was inhibited by incubation in methanol/H2O2 (150 ml meth-
anol and 30 ml of 30% H2O2). Antigen retrieval was performed
by incubating the slides in 100% formic acid for 5 min followed
by extensive washes. The sections were blocked in 2% fetal
bovine serum in 0.1 MTris-HCl, pH 7.6. The sections were then
immunostained using anti-�S antibody LB 509 (1:1000) or Syn
303 (1:3000; a gift from Prof. Virginia M.-Y. Lee). Secondary
antibody was biotinylated donkey anti-mouse (1:200; Enco
Petach Tikvah, Israel), followed by ExtrAvidin (Sigma; 1:100 in
blocking solution). Immunoreactivity was visualized with an
EnzMet detection kit (Nanoprobes, Yaphank, NY) or diamino-
benzidine as chromogen (Zymed Laboratories Inc.).
Pathological Quantitation—We analyzed total �S immuno-

reactivity. The images were captured with an 60� objective in
light microscope, using neutral density filter and calibration of
the white color with overlapping spectrum for red, green, and
blue.We compared only series of pictures taken together after a
particular event of Kohler calibration. The images were quan-
tifiedwith the Image pro plus 6.3 program (MediaCybernetics).
The selection of objects was done automatically by color defi-
nition. For object specification we used the smoothing options.
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The selected objects above 2000 pixels were exported to Excel
as integrated optical density (area� average density), and back-
ground was subtracted from the averaged integrated optical
density in each image. The results are presented as 1/integrated
optical density. Three brain regions were selected for analyses:
cortex, midbrain, and brain stem. In each brain region the total
�S immunoreactivity was quantified in three fields for an indi-
vidual mouse brain. The difference between transgenic mouse
brains was compared using Student’s t test with correction for
unequal (heteroscedastic) variance.
Symptoms—Themice were observed daily for typical clinical

signs, including altered gait, kyphosis, ataxia, and wasting. At
7–8months of age, �10–20% of the mice were showing symp-
toms, including paralysis of hind limbs and freezing for a few
seconds. We designated the time of PD symptom appearance
when at least two of the indicated symptoms were observed in
an individual mouse for at least four consecutive days. Males
suffered an acute disease and died within 1 week of symptoms
appearance, whereas females suffered milder symptoms that
lasted for a longer periods of time. Fewmice survived the age of
15 months (5–10% of the colony), with an overall longer life
span for the females.
Blue Native Gel—Samples of purified mitochondria were

prepared and analyzed by blue native-PAGE as previously
described (32). Briefly, frozen aliquots of purifiedmitochondria
were suspended in sample buffer (1 M aminocaproic acid, 50
mM bis-Tris-HCl, and protease inhibitors mixture; Sigma,
P8340). Themembrane proteinswere solubilizedwith dodecyl-
maltoside (Sigma) and quantified using Bradford assay (33).
Coomassie Brilliant Blue G-250 (Sigma) was added to the sam-
ples to a final concentration of 0.36%. The samples were sepa-
rated on blue native-PAGE (7%) and transferred to polyvinyli-
dene difluoride membrane. The membranes were blocked in
5% nonfat milk-TBST and immunoblotted using anti-complex
I (NDUFS3MS110) or anti-complex V (F1F0 subunit MS501c)
mouse monoclonal antibodies (Mitosciences, Eugene, OR).
Statistical Analyses—The nonparametric Kruskal-Wallis anal-

ysis of variance test was applied to compare complex I activity
between the three age groups. Pair wise comparisons between
the wt group and �S tg group at each age were carried out using
the nonparametric Mann-Whitney test, with the Bonferroni
correction of the significance level for multiple pair wise com-
parisons (p � � 0.017 was considered statistically significant).

RESULTS

Purifications of Mitochondria—Mitochondria were purified
from culturedMN9D cells or wholemouse brains and analyzed
by Western blotting. The efficacy of the purification methods
was determined using specific antibodies against �-tubulin, a
cytosolic protein marker, and HSP-60, a mitochondrial protein
marker. The fraction obtained, represents purified mitochon-
dria, enriched in HSP-60 and carry only traces of the cytosolic
protein, �-tubulin (Fig. 1a).

�S Overexpression in Cultured Dopaminergic Cells Inhibits
Complex I Activity—We initially sought to determine whether
�S overexpression affects mitochondrial complex I activity in
cultured dopaminergic cells. For this aim, we used stable clones
of �S-overexpressing MN9D cells (see methods). Mock-trans-

FIGURE 1. Lower complex I activity in mitochondria purified from
�S-overexpressing MN9D dopaminergic cells. a, samples (20 �g protein)
of purified mitochondria (M) or cytosol (C) were analyzed by 12% Tris-glycine
PAGE, Western blotted, and probed with anti-HSP-60 or anti-�-tubulin anti-
bodies. b, the activity of complex I (rotenone-sensitive NADH:CoQ oxi-
doreductase) was measured in a sample (5 �g of protein) of purified mito-
chondria as described under “Materials and Methods.” The results obtained
as nmol of oxidized NADH/min/mg of protein are normalized to citrate syn-
thase activity in the same sample and are presented as percentages of mock-
transfected cells, designated 100%. The values are the means of n � 4 –10
mitochondria preparations � S.E. *, t test p � 0.02. c, O2 consumption was
measured in a sample (100 –200 �g of protein) as described under “Materials
and Methods” with glutamate-malate (state 4) and ADP (state 3). The values
are the means of n � 4 mitochondria preparations � S.E. *, t test p � 0.05.
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fected and �S-overexpressing MN9D dopaminergic cells were
cultured in parallel; mitochondria were purified; and complex I
activity, represented by rotenone-sensitiveNADH-CoQ reduc-
tase activity, wasmeasured spectrophotometrically (see “Mate-
rials and Methods”). Overall, we measured a significant �25%
lower complex I activity in purified mitochondria from
�S-overexpressing cells thanmock-transfected cells (Fig. 1b). A
similar inhibition in complex I activity was detected inHEK293
cells stably expressing either wt �S or A53T �S as compared
with mock-transfected control cells (Fig. 1b).
To determinewhether the�S inhibitory effect is restricted to

complex I activity, as previously shown for PD (3–5), we mea-
sured complex II, I–III, and complex IV activities in purified
mitochondria of mock-transfected and �S-overexpressing
MN9D cells. No significant effect on the activity level of these
complexes was detected in �S-overexpressing cells as com-
pared with the mock-transfected cells. Furthermore, no signif-
icant effect of�S expression onmatrix activities, represented by
citrate synthase, was detected (not shown). Therefore, �S over-
expression in cultured MN9D dopaminergic cells specifically
inhibits mitochondrial complex I activity.
To determinewhether the inhibitory effect of�S overexpres-

sion on complex I activity affects mitochondrial respiration, we
measured O2 consumption (see “Materials and Methods”) in
naïve and �S-overexpressing cells. A significant reduction of
�15% in O2 consumption was measured inmitochondria puri-
fied from �S-overexpressing than naïve cells (Fig. 1c). There-
fore, �S overexpression in MN9D cells resulted in inhibited
mitochondria respiration.
The Lower Complex I Activity in A53T-overexpressingMouse

Brains Is Age-independent—To study the effect of �S overex-
pression on complex I activity in vivo, we purifiedmitochondria
fromwt and A53T �S tgmouse brains (26) andmeasured com-
plex I activity represented by rotenone-sensitive NADH-CoQ
reductase. The analysis was performed in young (4–6 weeks
old), adult (8–9 months old), and old (12–15 months old) mice

(the oldest age obtained for the�S tgmice) (26). Lower complex
I activity was measured in purified mitochondria from �S tg
than wt mouse brains throughout the tested ages. Impor-
tantly, a significant �24% lower complex I activity was mea-
sured already in young (4–6 weeks) A53T �S than wt mouse
brains (Fig. 2). Similarly, a significant �22% lower complex I
activity was measured in brains of A53T �S ages 8 and 12–15
months. Importantly, no significant differences in complex I
activity were detected between the tested ages within the
genotypes. Therefore, the inhibitory effect of �S overexpres-
sion on complex I activity in mouse brains is independent of
mouse age.
We next sought to compare complex I activity in �S�/� and

wt mouse brains. However, no significant effect for �S deple-
tion on complex I activity was detected in the specific mouse
line (25).

�S Overexpression Does Not Affect Mitochondrial Assembly—
Lower complex I activity could potentially result from affected
assemblyor fewermitochondria.Weanalyzed samples containing
30 �g of protein of purified mitochondrial preparations of wt
and A53T �S tgmouse brains by blue native-PAGE followed by
Western blotting. The Western blot was reacted with anti-
NDUFS3, complex I antibody; anti-COXI, complex IV anti-
body; or anti-F1F0 ATPase, complex V antibody. No effect on

FIGURE 2. The inhibited complex I activity in brains of A53T �S tg mice is
independent of mouse age. Complex I activity was measured in purified
mitochondria from brains of 1-, 8-, and 12–15-month-old wt and A53T �S tg
mice (26) as in Fig. 1b. Relative complex I activity is normalized to wt control
for each age group and is plotted as the percentage of activity � S.D. Signif-
icant differences are detected between the two genotypes in the three age
groups. No significant differences are detected between age groups in the
same genotype (n � 6 – 8 mice in each age group for A53T �S and wt mice). *,
p � 0.017 analysis of variance for multiple pair comparison.

FIGURE 3. Complex I or mitochondria assembly are not affected in A53T
�S mouse brains. a, samples of 30 �g of protein of purified mitochondria
from whole A53T �S or wt mouse brains (8 months of age), processed, and
analyzed by 7% blue native-PAGE (see “Materials and Methods”) followed by
Western blotting with anti-NDUFS3 antibody (complex I, CI), anti-COX-1
(complex IV, CIV), and anti-F1F0 ATPase (complex V, CV) antibody (Mito-
sciences). b, protein samples (30 �g) of whole A53T �S or wt mouse brain
extracts were analyzed by SDS-PAGE, Western blotted, and probed with anti-
HSP60 antibody. c, densitometric quantitation of the specific subunits nor-
malized to citrate synthase activity.
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the electrophoretic migration of complex I, IV, or V was
detected (Fig. 3a). To determine the total amount ofmitochon-
dria, we analyzed, in parallel, samples containing 30 �g of pro-
tein of wt and A53T �S whole mouse extracts by SDS-PAGE
followed by Western blotting with anti-HSP-60 antibody and
found similar levels of HSP-60 immunoreactivity (Fig. 3b). We
next normalized the densitometric signal obtained for
NDUFS3, COXI, and F1F0 subunits (Fig. 3a) to citrate synthase
activity levels, measured in aliquots of the same samples. No
differences in the protein levels of the specific subunits were
detected (Fig. 3c).We finally normalized HSP-60 immunoreac-
tivity (Fig. 3b) to citrate synthase activity measured for these
samples and found a highly similar ratio of the mitochondrial
HSP-60 expression levels to matrix protein activity (Fig. 3c).
No Correlation between PUFA-induced �S Oligomerization

and Mitochondrial Dysfunction in MN9D Dopaminergic Cells—
In our recent studies we described aspects of �S and PUFAs
association in relevance to �S pathogenesis. Specifically, we

have shown that exposure to physi-
ological PUFA (but not MUFA)
concentrations, enhances �S oligo-
merization and aggregation (34),
phosphorylation and deposition in
cytoplasmic inclusions, in cultured
dopaminergic cells (24). We now
utilized this experimental system to
enhance �S pathogenesis in cul-
tured �S-overexpressing dopami-
nergic cells. To find out whether
enhanced �S pathogenesis associ-
ates with mitochondrial complex I
dysfunction, we conditioned mock-
transfected and �S-overexpressing
MN9D cells in serum-free medium
(serum being the source for FA in
the conditioning media), supple-
mented with BSA only (serving as a
FA carrier at 50 �M) as control or
BSA�FA (at 50 and 250�M, respec-
tively). The effect of PUFA, �-lino-
lenic acid 18:3, and MUFA, oleic
acid 18:1, were tested in parallel, in
sister cultures, and compared with
BSA-treated sister culture. The cells
were conditioned in the specified
medium for 16 h and then either
processed for mitochondria purifi-
cation or analyzed for soluble �S
oligomerization in the high speed
supernatant. Similar to our previ-
ous reports (24, 34), 18:1 MUFA
did not affect, whereas 18:3 PUFA
dramatically induced (approx-
imately �40), the levels of �S sol-
uble oligomerization (Fig. 4a).
Further, 18:3 PUFA but not 18:1
MUFA induced the formation of
�S- and ubiquitin-positive cyto-

plasmic inclusions (Fig. 4b). Nevertheless, complex I activity
was not significantly affected by the 18:3 PUFA treatments.
Specifically, complex I activity levels were highly similar in
18:1 versus 18:3 treated �S-overexpressing cells (Fig. 4c).
Likewise, no effect on O2 consumption was detected with
18:3 PUFA. Therefore, PUFA-enhanced �S oligomerization
and inclusion formation in cultured dopaminergic cells is
not associated with complex I dysfunction.
No Correlation between Levels of �S-soluble Oligomers

and Complex I Activity in A53T �S Mouse Brains—We have
recently shown evidence indicating that soluble �S oligomers
are cytotoxic and precede the formation of �S-positive intra-
cellular inclusions (24). To test whether �S oligomerization
associates with mitochondrial complex I dysfunction in vivo,
we sacrificed a cohort of 12 adult, 8–9-month-old A53T �S
tg mice, including symptomatic and asymptomatic mice.
One brain hemisphere was processed for �S oligomers
detection in high speed supernatant (Fig. 5, a and b), and

FIGURE 4. 18:3 PUFA-induced �S oligomerization and inclusion formation is not associated with com-
plex I inhibition in MN9D dopaminergic cells. a, �-linolenic acid, a 18:3 PUFA but not oleic acid, a 18:1 MUFA
of identical carbon chain length, induces the oligomerization of �S. High speed cytosols (15 �g of protein) of
human wt �S stably transfected MN9D cells conditioned in standard serum-supplemented medium and then
transferred to serum-free medium with or without 18:3 or 18:1 (250 �M) for 16 h. The samples were incubated
at 65 °C overnight prior to gel loading and blotting with H3C antibody. b, �S-overexpressing cells were condi-
tioned in standard serum-supplemented medium and then transferred to serum-free medium supplemented
with BSA � 18:3 or 18:1 (50 and 250 �M for BSA and FA, respectively) for 18 h. The cells were then processed for
ICC (24) using antibodies against �S (LB509; Zymed Laboratories Inc.) and ubiquitin (Dako), followed by Alexa
488 and Cy5, respectively. The bars represents 10 �m. c, complex I activity as described for b. M.W, molecular
weight.
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mitochondria were purified from the second hemisphere
and analyzed for complex I activity (Fig. 5c). For each mouse
brain the results for levels of �S oligomers were aligned ver-
sus complex I activity and the appearance of symptoms. We
then statistically analyzed the results of mice 1–12 using
nonparametric analysis of variance and found no correlation
between �S oligomers levels and complex I activity (Fig. 5d)

or symptom appearance (see
“Materials and Methods”). Simi-
larly, no correlation between
mouse endogenous �S oligomeri-
zation and complex I activity was
found in wt mouse brains (Fig. 5e).
No Correlation between �S Pathol-

ogy and Complex I Activity in Vivo—
Finally, we sought to determine
whether mitochondrial complex I
activity correlates with �S pathol-
ogy in brains of old A53T �S tg
mice. The detection of�S pathology
was performed inmouse brains per-
fused with formaldehyde, whereas
mitochondria were purified from
mouse brains perfused with PBS.
For this reason, an individual �S tg
mouse brain was tested either for
pathology or for complex I activity.
�S pathology in A53T �S mouse
brains was analyzed by immunohis-
tochemistry in three brain regions:
cerebellum, brain stem, and sub-
stantia nigra (Fig. 6, b–d). �S
pathology was indistinguishable
from total �S protein levels and
involved enhanced total �S protein
levels (35, 36) including Lewy neu-
rites.We quantified the total �S sig-
nal obtained by immunohistochem-
istry in the brain stem, where �S
pathology was previously reported
for this transgenic mouse line (26).
Comparing the total �S signal by
immunohistochemistry in the five
old (12–15 months) and six young
(4–6 weeks) A53T �S mouse
brains, we found a significant
�2-fold higher �S signal in the old
mouse brains than in the young
mouse brains (p � 0.05, t test with
correction for unequal variance)
(Fig. 6e), indicating pathogenic
accumulations of �S in the old
A53T tg mouse brains.
We then compared the levels of

insoluble �S immunoreactivity as-
sociated with the lipid-rich, low
speed fraction (27) extracted from
one hemisphere of young or old �S

tg mouse PBS-perfused brains. Importantly, this high molecu-
lar weight, insoluble �S signal was associated with the patho-
genic �S signal in the synucleinopathies PD and DLB (34). The
lipid-rich fraction was extracted by chloroformmethanol (2:1),
and the interface between the aqueous and organic phases was
analyzed byWestern blot and probedwith LB509 antibody (Fig.
6f). The result indicates a�7–9-fold higher ratio of highmolec-

FIGURE 5. �S oligomers do not associate with inhibited complex I activity. The brains of a cohort of 12 A53T
�S tg mice 8 –9 months old (Symptomatic and asymptomatic) were divided in hemispheres. a, �S soluble
oligomers in high speed cytosols (15 �g protein) of A53T �S tg mice. The samples were treated at 65 °C
overnight prior to gel loading and blotting with LB509 antibody. b, densitometry of Western blot in a, pre-
sented as the ratio of �S oligomers (migrating higher than 35 kDa)/monomer (migrating as 17 kDa) and
normalized to actin. c, complex I activity measured in purified mitochondria from the respective mouse brain
hemisphere. The activity of complex I (rotenone-sensitive NADH:CoQ oxidoreductase) was measured as
described for b. d, no correlation between human A53T �S oligomerization and complex I activity (n � 12). e, no
correlation between endogenous mouse �S and complex I activity (n � 9).
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ular weight �S tomonomer signal in the old compared with the
young mouse brains (Fig. 6g).
Importantly, although �S pathology was significantly higher

in the old versus young �S tg mouse
brains, complex I activity did not
differ between these age groups (Fig.
2). We therefore conclude that age-
dependent accumulations of �S
pathology do not associate with
mitochondrial complex I inhibition
in the A53T �S mouse brains.

DISCUSSION

In this study we aimed at assess-
ing whether �S pathology, i.e. ac-
cumulation of soluble oligomers,
insoluble aggregates, or inclusion
formation, is directly associated
with mitochondrial dysfunction.
We report that either human wt �S
overexpression in cultured dopa-
minergic cells or transgenic overex-
pression of A53T �S in mouse
brains inhibits mitochondrial com-
plex I activity. Our results suggest
that the inhibitory effect of �S over-
expression on complex I activity is
not associated with levels of �S-re-
lated pathology in cultured dopa-
minergic cells nor in mouse brains.
Specifically, enhanced �S oligomer-
ization and inclusion formation,
induced by 18:3 PUFA treatment,
did not significantly affect complex I
activity in cultured �S-overexpress-
ing MN9D dopaminergic cells. Fur-
ther, no correlation between com-
plex I activity and either age of �S
tg mice, levels of �S oligomers, or
levels of insoluble �S was found.
Based on the results presented
herein, we conclude that �S
expression and not its pathology
associates with inhibited mito-
chondrial complex I activity.
Recent studies have reported that

�S expression induces oxidative
stress and impairs complex I activ-
ity, as part of its deleterious effects
attributed to mitochondrial dys-
function in PD pathogenesis (21,
37). Transgenic overexpression of
A53T �S was shown to inhibit com-
plex IV in mouse brains (18).
Attempts to correlate �S toxicity
and mitochondrial dysfunction
have recently been made using in
vivo and in vitro models. Specifi-

cally, it was shown that aggregated, but not nonaggregated, �S
associates with isolated rat brain mitochondria and induces
calcium-dependent opening of the mitochondrial permeability
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transition pore and cytochrome c release (22). In this regard, it
was suggested that aggregated �S forms amyloid pores capable
of puncturing cell membranes leading to the release of cyto-
chrome c from the mitochondria (38–40). However, other
studies have suggested that �S expression may have a constitu-
tive role inmaintaining or regulatingmitochondrial respiratory
chain complexes. Specifically, using �S siRNA transfections
there was a low but significant decrease in NADH-cytochrome
c reductase levels, representing complex I–III activity (21), and
lower NADH-cytochrome c reductase activity was detected in
�S null mouse brains (41). In line with the functional link
between �S expression and mitochondrial activities, �S null
mice are resistant to the mitochondrial toxins MPTP, malo-
nate, and 3-nitropropionic acid (42, 43). In this regard, the
results presented herein, describing the absence of any correla-
tion between �S pathology and mitochondrial complex I activ-
ity, suggest that the inhibitory effect of �S expression on com-
plex I activity results from a regulatory, physiological, effect of
�S rather than a pathogenic effect.

Complex I inhibitors and therefore mitochondrial dysfunc-
tion enhance �S pathology in mouse models. Specifically,
chronic MPTP treatment was shown to enhance the formation
of endogenous �S- and ubiquitin-positive inclusions in wt
mouse brains (44) and mitochondrial degeneration in wt �S tg
mouse brains (45). Similarly, rotenone, a classical inhibitor of
complex I, was shown to induce the formation of �S-positive
inclusions (46–48). Neuronal �S pathology andmitochondrial
degeneration were enhanced in A53T but not wt �S tg mice
chronically treated with the combination of two pesticides,
paraquat and maneb. Importantly, the combination of the two
pesticides was needed to detect the deleterious effects (49).
Interestingly, paraquat alonewas reported to induce�S expres-
sion levels and the formation of intraneuronal inclusions in
A53T �S tg mice; however, it did not induce nigral degenera-
tion (50). These studies consistently suggest thatmitochondrial
dysfunction may enhance �S pathology leading to PD and
therefore suggest that mitochondrial dysfunction occurs prior
to �S pathology and Lewy body formation. Interestingly, it was
suggested that the enhanced �S pathogenesis by complex I
inhibitors may be protective (50, 51).

�S has a role in deleterious mechanisms leading to neuronal
cell death. However, the precise mechanism activating cell
death is unknown. A key event in �S-related toxicity is its ten-
dency toward misfolding and aggregation, resulting in its de-
position in neuronal cytoplasmic inclusions, the Lewy bodies
(recently reviewed in Ref. 52). Various cellular mechanisms
were shown to mediate �S toxicity, including inhibition of the
proteasome and the cellular quality control, disruption of
axonal transport, synaptic transmission, and mitochondrial

dysfunction and enhancement of oxidative stress (reviewed in
Ref. 11). Mitochondria play a central role in the regulation of
apoptotic cell death, and indeed there is considerable evidence
suggesting that apoptosis might account for cell death in PD
(53). Enhanced expression of apoptotic markers, including
expression of p53, Bcl-2-associated X protein, caspase-3, and
nuclear translocation of glyceraldehydes phosphate dehydro-
genase, has been detected in PD (53–55).
It was recently suggested that �S toxicity involves aspects of

membrane trafficking, possibly in endocytosis or in the secre-
tory pathway. Specifically, �S expression inhibits endoplasmic
reticulum to Golgi trafficking, resulting in cytotoxicity that was
prevented byRab1 expression (56). It was further shown that�S
expression affected vesicle docking or fusion to the Golgi appa-
ratus after an efficient budding from the endoplasmic reticu-
lum (57). In PC12 cells, �S overexpression inhibited evoked
catecholamine release and increased the “docked” vesicle pool
(58). Other studies have suggested an indirect role for �S in
promoting the assembly of the SNARE complex (59, 60).
SNAREs catalyze the fusion of vesicles with their target mem-
branes to enable the release of cargo from the vesicle (reviewed
inRefs. 61 and 62). Collectively, growing evidence implicates�S
inmembrane trafficking, including endocytosis and exocytosis.
We have recently shown that �S specifically affects synaptic
vesicle recycling by activating clathrin-mediated endocytosis.
Based on our findings we suggested that �S affects synaptic
function and strength (63). Importantly, we found a correlation
between the �S activity and levels of �S soluble oligomers. Spe-
cifically, the more �S oligomers, the more endocytic activity
(63).
Membrane trafficking is also implicated in mitochondrial

dynamics, involving fusion and fission events. PD toxins, such
as 6-hydroxydopamine, rotenone, and the 1-methyl-4-phe-
nylpyridinium ion induce mitochondrial fission and cell death
(64–66). The role of mitochondrial dynamics in PD was
recently emphasized by the finding that PD-related genes
PINK-1 and parkin regulate mitochondrial fission/fusion
events (67). It is therefore of interest to find out whether �S
oligomers or �S cytotoxicity is involved in mitochondrial
dynamics.
The ongoing debate concerning the identification of the

toxic�S forms, whether it is the soluble�S oligomers, insoluble
aggregates, or Lewy bodies, relies on analogies and evidence
from other neurodegenerative diseases such as Alzheimer and
Huntington diseases (recently reviewed in Ref. 68). A major
difficulty in identifying the toxic �S form is the absence of clear
definite information regarding the normal function of�S or the
initial deleterious mechanism(s) activated in PD by �S. Addi-
tionally, aging and�Spathologywere recently shown to amplify

FIGURE 6. �S pathology is not associated with inhibited complex I activity. Representative images of immunohistochemistry analysis of A53T �S tg mouse
brains aged 12–15 months. Formalin-fixed tissue immunostained with anti-�S antibody (Syn 303) and visualized with diaminobenzidine as chromogen (see
“Materials and Methods”). a– d, Nontransgenic (a), transgenic brain stem (b), transgenic substantia nigra (c), and transgenic cerebellum (d). �S staining appears
throughout the cell body with some Lewy neurites and Lewy bodies (arrowheads). e, quantitation of total �S immunoreactivity (including pathogenic and
normal expression) in the brain stem of young (4 – 6 weeks) and old (12–15 months) A53T �S mouse brains. The values are the means of n � 5– 6 brains and 3– 4
images for each mouse brain � S.D. *, t test, p � 0.05. f, insoluble, lipid associated-�S in young (4 – 6 weeks old) and old (12–15 months old) A53T�S tg mouse
brains. Chloroform/methanol extraction of a sample of the lipid-rich low speed fraction (50 �l of total 500 �l of suspension) of young and old A53T �S mouse
brains. The interface between the organic (lower part) and aqueous (upper part) fractions was resuspended in 2� Laemmli buffer, analyzed by 10% Tris-glycine
PAGE, and blotted with LB509. g, quantitation of �S immunoreactivity in f presented as the ratio between the high molecular weight immunoreactive species
to monomer in the same lane.
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�S expression and toxicity (36), adding an additional aspect of
�S complexity. The results presented herein provide a negative
clue as to the pathogenic effects of �S by denying a deleterious
role for �S toxic forms in complex I activity.
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